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1. INTRODUCTION

The unsuitability gf solar radio eﬁission as a signal source
for studying scattering from the lunar surface with a wideband cross—‘
correlator * has led to an investigation of the use of an active system
in which a locally generated signal is transmitted and the scattered
radiation crosscorrelated with thé transmitted signal. The signal which
has been under study is bandlimited "white noise." This type of signal
has a number of advantages: among them are the availability of a noise-
free reference and the possibility of very high duration-bandwidth prod-
ucts thereby making possible good resolution in both range and velocity.

During the reporting period a preliminary analysis was made of
the use of an active coherent random signal radar for experimental stud-
ies of lunar and planetary surfaces. Also,tgp analysis was completed on
the electromagnetic impulse response of vari;;s scattering bodies there-
by making this theoretical tool more useful in the analy;is of . perform-
ance of random signal radars (or any other types of radars) against var-
ious targetsy‘ Correlator development has continued and the designs com-
pleted to permit experimental evaluation of the random signal radar.). The

status of research on the above areas is summarized in the following sec-

tions of this report.

* Study of Lunar Reflective Components of Solar Emission, Semi-Annual
Status Report, Feb. 1 to July 31, 1965, NsG-543, Purdue University,
Lafayette, Indiana.




2. MEASUREMENT OF LUNAR AND PLANETARY SURFACE CHARACTERISTICS

Measurement Concept

The wideband digital correlator makes it possible to measure cross-
correlation functions which are extremely narrow. This capability can be
utilized to implement an active, wideband, random signal radar system which
exhibits extraordinarily good resolution in range measurements without intro-
ducing the doppler ambiguities associated with pulse-type radars. This range
resolution creates the possibility of measuring certain characteristics of the
lunar surface (or any planetary surface) which are not readily obtainable by
other means.

Two measurement possibilities are of particular interest in connec-
tion with the lunar surfﬁce. One is the possibility of determining the depth
of a possible dust layer by veing a random éignal radar located on a satellite
or on the earth.  The second is the possibility of using such a radar for meas-
uring surface roughness.

The determination of dust layer depth is based on the assumption that
signal reflections will occur at both the top and bottom of the layer and that
the radar has sufficient range resolution to be‘able to resolve these two. The
measurement of surface roughness assumes that individual prominences and de-
pressions on the surface will possess specular reflecting points whose distribu-
tion in range can be determined from the spread of the crosscorrelation function
In order to assess more accorately the feasibility of making either type of meas
urement, a brief review of the theory of random signal radars will be presented.

Theory of Random Signal Radars

It is assumed that the transmitted radar signal, x(t), is a sample

function from a wideband stationary random process having an autocorrelation

.



function of Rx(-r). The reflected signal from any specular reflecting point
will be of the same form but will be delayed in time and will also have a
modified time scale if there is relative motion between the radar transmitter
and the reflecting point. In particular, the kth such reflected signal may be
represented as akx(Bkt--rk) where T is the delay at t = O, a, 1isan ampli-

tude factor, and

ctv

B & Kk
k c - \rk
where v, is the radial velocity of the reflecting point (toward the radar) and

k

e is the electromagnetic wave velocity. If there are N such reflecting points
at different ranges, and possibly different velocities, the total returned signal
is N
() =) mx(Bt - 7).
k=1
The crosscorrelation function of the transmitted signal and the total

returned signal may be written as
N

Ryx(t) = E {y(t)x(t—-r) ] = Zaka [1 -t t (Bk - 1)1::‘1’
k=1

The output of the crosscorrelator is an estimate of this crosscorrelation for the
value of delay set into the crosscorrelator. If this delay is made to vary

linearly with time so that
TeT, - (Bo - 1)t

then this cutput has & mean value of

Ryx [10 - (Bo - l)t]

z (Bo, ‘ro)

N
z Ry [(Bk - Bo)t - (Tk - To)]

k=1

Except for the case in which Bo equals scme Bk’ Z(Bo,'ro) is an oscillating func-




tion of time and will average to zero. Whentio =£3k, adjustment of T, can
be made to obtain a measurement of %k when an envelope correlator is used.

For the applications being considered here, however, the envelope
correlator is not used andBo is not made equal to any Bk' Hence, it is de-
sirable to consider in more detail the manner in which the correlator output
varies with time. In order to do this, assume that the spectral density of
x(t) is symmetrical about some high frequency, w,. The autocorrelation func-
tion of x{t) can then be expressed as

Rx(T) = RC(T)’COS wcr

where Rc(r) is the envelope of the correlation function and depends upon the
bandwidth of the transmitted signal but not upon its center frequency. The

correlator output may ﬁpw be written as
N o ‘( o\
Z (B 7o) L. % R [ (B~ B)t-(x 1) Joos w] (A -B )t-(x 7)) |
Each term of this expression is also oscillatory but at a much lower frequency.

The manner in which the kth component of Z(ﬁo,ro) might vary with time is illus-

Z,.(6,7) L /
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trated in Fig. 1.
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Fig. 1. One component of correlator output.
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The components in a given frequency range can be ext-acted by means
of a narrow-band filter at the output of the correlator. The other components
will average to zero. Hence, it is possible to separate out reflections having
different doppler shifts even though they may be at the same range.

It may also be noted that the correletor output for a single reflection

is a replica of the autocorrelation function of the transmitted signal, but is

1

B - B,

much longer than the smoothing time of the correlator in order to avoid excessive

stretched out in time by the factor Thg resulting pulse must be
noise in the output. This implies that (Bk - ﬁb) must be a very small number.

As an illustration, suppcse that Rx(r) has an effective width of 10 ns
(i.e., the transmitted signal has a bandwidth of about 100 Mc) and a center fre-
quency of 10 Ge. If the correlator sampling rate is 1 Mc and th samples are re-
quired to reduce the noise adequately, then the smoothing time is about .0l sec-
ond. Hence, a value of (Bk - Bo) which stretches the correlation function out

to 0.1 second should be adequate. Thus,

-9 o
o 10 x 10 - -7
Py - Bo™ 0.1 10
If the relative velocity of the reflecting point is 1 mile/second, then
B X1+ 1072

and

B -1~(B -1)-107 =102 - 1077

o k
Since (Bo - 1) is the delay-rate provided in the correlator, this result implies
that the delay must change at a rate of 10 psec. per second. This is equivalent
to changing the sampling rate on the reflected signal by 10 cps. It may also be
noted the center frequency of the correlator output for this component is 1,000 cps
and the bandwidth required in a bandpass filter to provide adequate smoothing is

100 cps.



The above calculations cerve to illustrate that the required band-
widths, delay-rates, etc., are not unreascnable and can be achieved in a prac-
tical system without difficulty. If the relative velocity of the reflecting
point were much less than 1 mile/second, the only thing which wbuld,change would
be the delay-rate in the gorrelator and there is no fundamental difficulty in

making this quantity as small as desired.

Measurement of Dust Layer Thickness
In order to carry out the measurement of dust léyer thickness, it is
proposed that the antenna beam from a random signal radar can be directed toward

the lunar or planetary surface as shown in Fig. 2.

Random Signal
Radar

Antenna Beam

Normal to Surface

Lunar or Planetary
Surface

Feb. 2. Geometry of measurement method.

The relative velocity of the radar along the normal to the surface is designatec

as V. Hence, this is also the relative velocity of reflecting points near the
center of the beam. Points off the center of the beam at an angle 8 will have =a
relative velocity of v, cos @. Because of this difference in velocity it is pos-

sible to make the effective beam width smaller by integrating the correlator out-



put for longer periods of time. Tnis point will be considered in more detail
later.

The basic assumption involved in the proposed method of measurement
is that séparate and resolvable reflections occur at both the top and bottom of
the dust leyer. There is little doubt that a reflection will occur at the upper
surface, which is an interface between dust and space. It is also reasonable to
assume that a smaller, but still significant, reflection will occur at the inter-
face between the dust and the solid material below.

Another assumption which is implicit in this method is that the atten-
vation in the dust layer is sufficiently low that the second reflection has an
observable amplitude after penetrating the layer twice. Just how low this needs
to be depends upon the available signal power, the width and shape of the signal
correlation function, and the added noise in the system.

In the simplést situation, the measurement would gonsist of measuring
the relative delay between the two reflections which have been assumed. In a
practical case, however, the situation is not likely to be this simple. For ex-
ample, it is reasonable to exp;ct that there will be a muiltitude of specular re-
flections from peaks and valleys which have no relation to the dust layer. Hence,
it would be very difficult to select the pair of returns which would yieid the
desired result. Even in the absence of other specular points, there might well
be multiple reflections in the du;t layer which would create additional responses.

There are s;veral ways in which the appropriate reflections might pos-~
sibly be separated from the unwanted ones. In the first place, a specular reflec-
tion from a curved surface is probably much more sensitive to the polarization
of the incident wave than a reflection from a smooth dust layer. Thus, the polar-

" ization cculd be changed periodically and the pair of reflections exhibiting the



least variation taken to be the proper one. A similar result might occur as
the angle to the specular points changes as a cénsequence of radar motion.
Finally, the area being examined can be made smaller by increasing the smooth-
ing time of the correlator thereby making the effective beamwidth smaller.

The effective beamwidth is determined by the velocity component of
the radar, Vs the center frequency, and the smoothing time of the correlator.
The difference in deppler frequency between a point on the beam axis and a point
off the axis by an angle 8 is

2
(Br - Bo) fo |= ___3;_' (1 - Cos 9) £,

e
As an example, let v. = 0.01 mile/sec and consider a frequency of 10 Gc and
smoothing time of 10 seconds. The angle for which frequency components are less
than 0.1 cps, will be on the order of 1 degree. This can be made much smaller
by increasing the smoothing time. It will also be smaller for larger values of
v, or for a higher transmitted frequency, fc'

The range resolution required to carry out effective measurements of
the dust layer thickness must be extremely good - probably on the order of a
few inches. Hence, the bandwidth of the random transmitted signal must be Qn
the order of 1 Ge. While this bandwidth has not yet been achieved, it does not

seem to be unreasonable.

Measuremeni of'Surface'Roughness

The geomeuirical configuration of Fig. 2 also applies to the measurement
of surface roughness. In this case, however, it is much easier to extract the
desired information because all reflections are useful. As noted previously, a
multitude of specular reflections will result from the various praminences and

depressions on the surface. Each of these reflections will produce a correlator



output as shown in Fig. 1, but they.will occur at times determined by the ele-
vation of the reflecting point and at frequencies determined by the anglc of that
point with respect to the beam axis. The smoothing time of the-correlator will.
determine the effective beamwidth and, hence, the area being examined on the sur-
face. |

The surface roughness will be related to the time distribution of the
individual camponents of the reflected signal. There are a variety of ways that
this information might be presented. One way would be to present the distribu-
tion or density function of the surface elevation as indicated by # power Vvs.
time piot of the correlator output. Another method is to estimate the variance
of the surface elevation and present a single number as a measure of surface
roughness. A third method would be to observe the lowest and highest points and

thus use the change in elevation as a measure.

3. ELECTROMAGNETIC IMPULSE RESPONSE

Significant progress has been made with the problem of relating the
impulse response of scattering bodies to the details of their shapes and compo-
sitions. The initial object of this work was to infer same charaéteristics of
the lunar surface frqm the nature of the scattered fields - particularly scat-
tered noise fields. However, the results are more far-reaching than this. 1In
order to characterize certain types of surface features, & study was made of the
impulse responses of several simple shapes. Then, more complicated scatterers
were synthesized by fitting together these simple shapes into various composites.

Except for a few special'shapes, suchras the sphere and cylinder, it
is probably not possible to calculate an impulse response that is exact in any

sense. The approximations which can be made generally fall into one or the

- .- N . ~ . - - oL o . - . - - ————
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other or thé categories, high frequency approximations or low frequency approx-
imations. For the most part, the high frequency approximations have the more
interesting features.

To systematize the calculations, to point up exactly which approxima-
tion is being used and to show that apprbximation may be improved, it is helpful
to calculate the impulse response of scatterers by the use éf the generalized
time domain reciprocity theorem. A form of this equivalent to those published
by Cheo, * was obtained earlier. The scattered fields are calculated from ap-
proximations to the current distributions which are established on the scatterer
by the incident field.

A summary of the results of the impulse response calculations for

simple shapes will now be given.

¢

1. Backscatter from small spheres of radius a. (Low frequency approximation)

a. Conducting Sphere

‘ 3
b € Qa 1 2r
_ Yo" o o
E (rpt) = —; T, 5 (- cq_)

b. Dielectric Sphere (dielectric constant sl)

3
Bt ' 1" % " ¢,
EZ (ro’t) T 2nr €. + 2¢ 5 (t-
o 1 o

)

c

All results to follow are high frequency approximations.

* Cheo, B. R., IEEE Trans. AP-13, p. 278, March 1965
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2. Backscattering by a portion of a Conducting Spherical Surface
—e ),
6, 7

Center of spherical surface at
the origin, scattering observed
at distant point z.

2 (Zo - a Cos Gl)

c rQ
2r € [53'{ Cos 6,5 (t- c ) -
Z(Zo - a Cos 92). .
Cos 6, & (t - < ) J

~ —_

J ]

2(z -a Cox 6,)
o) Z'U(t‘

%‘{ u(t - 2(ZO - a Cos Gl) )

Cc

3. Backscattering by an Conducting Surface of Constant Delay.

Here we are concerned with any surface, in any medium, such that the'pro-
pagation time to and from all points on the scatterer is the same. The area
of the scatterer is A, Ro is the range, incident field starts out with a spher-
ical wavefront: |

E_ (t) = 5 A 5 5' (t - 21)

k™ eR
o

where T is the constant delay time. Note that the impulse response for this

type of surface is a doublet.

L, Backscattering by a plane conducting disk with hole
~

R,,/," W\ If the disk is small, and a long way from the
primary source, to a front approximation we

have plane waves on a plane surface so the pre-
vious result (3) applies. For larger disks, the

result is

2R ZR 2R 2 Rl -

Ex(t)=§-%5(t--—-é—°-)-«Z-RCIB(t-—-c—l)«!-i-é-EU(t-—cg)-U(t- ) |
[}
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5. Scattering by a Rectangular Plate.

Plane wave comes in along 2z, with E along x.
Observation point, O, is in y z plane at angle
@ with z axis. Plate is of width W and length
L and is inclined at an angle o to x y plane.

Zo+Ro'7rl_; Sina + sin(a - 6)])

E (t) =

W Cosy [B(t _

e
412R° Sinc +Sin(a-8)
Z,* R,
-5(1;5————)]

c

where ZS is distance to plane wave source.

6. Backscattering by a Section of Conducting Conical Surface.

Let the conical surface have half-angle, a.
The distance to the cone apex is R_, while the
distances R, and R, are the distances to the
near and far edges of the surface. (For a
complete cone R1=Ro). The impulse response is

2R 2R
.Ro)a (t - -?l-) - (RZ-RO)S (t - —c—l’)

x Ro 1
2
2 oD v} ]

From these simple shapes, results may be obtained for a great many com-

posite shapes.

'RADAR SYSTEM

The wideband digital correlator is being combined with a wideband
transmitter to make an experimental random signal rad;r system. The present
correlator is being modified to have a 100 Mc bandwidth and it is planned to

employ a transmitter power of approximately 20 mw. This will provide adequate
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pericrmance for initial experimentation which will be limited to ranges of a
few hundred meters. Fig. 3 shows a block diagram of the complete random sig-
nal radar system. The transmitter portion consists primarily of standard
commercially available components. The receiver porticn,with the exception

of the tunnel diode amplifier arnd the display unit which are also commercially
available components, is essentially complete. It is expected that the system

will be operational by the summer of 1966.

PLANS FOR NEXT REPORTING PERIOD

During the next reporting period it is planned to complete assembly
and checkout of the radar system and to make sane preliminary measurements
against simple targets. Analytical work will continue on camputing the im-
pulse response of randamly located specularly reflecting targets and a more de-

tailed performance estimate of the random signal radar 11 be made.

!
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